ABSTRACT The huj and argT genes of SameUa typhimurium encode two periplasmic binding proteins, J and LAO, which are involved in histidine and arginine transport, respectively, and which interact with a common membrane-bound component, the P protein. The complete nucleotide sequences ofthese two genes have been determined. The two genes show extensive homology (70%) and presumably arose by tandem duplication of a single ancestral gene. The two encoded proteins now perform distinct functions but still retain sufficient homology to permit interaction with the same site on the membrane-bound P protein. Three lines ofevidence have allowed both the amino acid-binding site and the site involved in the interaction with the P protein to be assigned to specific regions of each binding protein: (i) the distribution of amino acid differences between the two proteins; (ii) the properties of a functional chimeric protein, produced by a deletion mutant in which the first half of the argT gene is fused to the second half of the hisJ gene; (#ii) the sequence change in a mutant J protein unable to interact with P. Periplasmic binding proteins are essential components of many membrane transport and chemotactic systems in bacteria. The binding proteins function as the initial receptor in these processes, recognizing and binding a specific substrate-a sugar, an amino acid, or an inorganic ion. Recently it has become clear that membrane-bound components are also required for binding protein-dependent transport and chemotaxis, although it is still unknown how the periplasmic and membrane-bound components function together.
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The high-affinity histidine transport system of SalmoneUa typhimurium is one of the best characterized of the bindingprotein-dependent systems. Three genes, hisJ, hisQ, and hsP, are required for histidine uptake. Together with a regulatory locus, dhuA, these genes form an operon located at 48.5 min on the recalibrated S. typhimurium chromosomal map (1) (see Fig. 1 ). These genes encode, respectively, a periplasmic histidine-binding protein, J, a protein of as yet unknown location, Q, and an inner-membrane protein, P (2, 3) . The periplasmic histidine-binding protein, J, is known to interact with the membrane-bound P protein during transport (4) . A second periplasmic binding protein, LAO (the lysine-arginine-ornithinebinding protein), which participates in the uptake of arginine as a nitrogen source (5) , is also known to require the Q and P proteins in order to function (2) . By analogy with J, the LAO protein is also presumed to interact with the P protein, implying that the two binding proteins interact with a common membrane-bound receptor. Although such an interaction between periplasmic and membrane components has not been demonstrated for other transport systems, several other binding-protein-dependent systems have been shown to require membrane-bound components: it therefore seems likely that such interactions occur.
The LAO protein is known to be related to the J protein in several respects. The two proteins overlap somewhat in binding specificities (2) , the LAO protein is known to crossreact with antibody raised against purified J protein (5), and the structural gene for LAO, argT, is located adjacent to the hisj gene on the S. typhimurium chromosome (5) (see Fig. 1 ). These facts suggested that the hisj and argT genes may have evolved as a result of gene duplication followed by divergent evolution.
In this paper we show that the nucleotide sequences ofthese two genes, and their translated protein sequences, strongly support this hypothesis. The fact that these two proteins interact with a common receptor and must therefore have retained some homology, yet have diverged with respect to substrate specificity, makes analysis of this case of gene duplication a particularly interesting one. We also describe the properties ofa functional chimeric protein, resulting from a fusion of the argT and hisj genes, which allows specific functions to be assigned to different regions of the binding proteins.
MATERIALS AND METHODS
Restriction endonucleases were purchased from New England BioLabs and digestions were carried out as recommended by the manufacturer. Polynucleotide kinase was purchased from P-L Biochemicals. [y-32P]ATP was synthesized and kindly provided by R. Myers. Plasmids pFA2, pFA7, and pFA9 are derivatives of pBR322 and carry fragments sa-5, sa-4, and sa-21 ( Fig. 1) , respectively, which were derived from a clone of the entire histidine transport operon (6) . These plasmids were constructed by standard The argT structural gene was also identifi4 suitable reading frame in sequences known t( Translation of the nucleotide sequence reve ilar to J. A preliminary sequence ofthe 19 N acid residues of the LAO. protein (R. W. Hi munication) matched this sequence, confi argT structural gene. Again, a presumed si amino acids was found at the NH2 terminus orientation of hisj and argT on the chromos both are transcribed in the same direction (f Fig. 1 ). The two genes are separated by the i occupies 240 base pairs (unpublished data).
We consider first the aligned amino acic mature J and LAO proteins (i. e., excluding ti These sequences align perfectly and differ substitutions: no sequence rearrangement Both J and LAO have 238 amino acids, their ular weights being 26,127 and 25,968, resp be noted that the apparent molecular weight ( from NaDodSO4/polyacrylamide gel el 1000-2000 less than that of J (5) . However between the experimental and the actual m( not surprising because it is known that even < substitution in the J protein can alter its mol on NaDodSOjpolyacrylamide gels (11 (Fig. 1) resis (12) . The chimeric protein and wild-type LAO (plus 12 additional proteins as controls) were eluted and the 3H/14C ratios were determined. The chimeric protein was found to contain the same ratio of histidine to leucine as the wild-type LAO protein, after correction for the different number of leucine residues in the chimeric protein compared with wild-type LAO. Thus, the fusion point must be downstream from histidine-151, between residues 152 and 164.
The chimeric protein has been identified on NaDodSOJ polyacrylamide gels and has a mobility very similar to that of LAO. Table 1 shows the substrate-binding properties of this chimeric protein. Despite the fact that-about halfofthe chimeric protein is derived from J, it has binding properties similar to those of LAO. It binds arginine to the same extent as does wildtype LAO; both lysine and ornithine compete for arginine binding. Arginine-binding activity is also increased by the nitrogen regulatory mutation, gln-139, to exactly the same extent as in LAO. Like LAO, but unlike J, the chimeric protein does not bind histidine and is unable to function in D-histidine transport. Thus, the fusion must be in phase and must be a fairly precise fusion of the two genes.
DISCUSSION
The availability ofthe complete nucleotide sequences ofthe hisj and argT genes, which encode the histidine-binding and lysinearginine-ornithine-binding proteins, respectively, is an important step in our attempt to understand the evolution and molecular mechanisms of transport systems that are dependent on binding proteins.
It seems clear that the hisj and argT genes originated by tandem duplication of an ancestral gene, followed by divergent evolution. The two genes show 70% homology and are located adjacent to each other on the chromosome, separated by only 240 base pairs (unpublished data). Because E. coli is also known to have both a histidine-binding and a lysine-arginine-omithinebinding protein similar to those of S. typhimurium (6, 13, 14) , the duplication event giving rise to these two genes must therefore have occurred before the divergence of Escherichia and Salmonella (or transferred to both by a common vector). Since the original duplication, the two proteins have diverged, developing different affinities and specificities for their substrates: the J protein acquired high affinity for histidine and the LAO protein, a high affinity for lysine, arginine, and ornithine. The high incidence of silent base differences between the two genes indicates that they diverged sufficiently long ago to allow almost complete randomization ofthose bases not under selective pressure (15 (18) ].
The present studies on the histidine-binding and lysine-arginine-ornithine-binding proteins provide an excellent example ofa naturally occurring gene duplication event in which the two genes have subsequently diverged to perform different, although in this case closely related, functions. This provides strong support for the view that new genetic functions can evolve as a result of gene duplication and divergence within the bacterial genome. It is interesting to note that gene duplication and divergence may also have occurred for other periplasmic binding proteins. The genes encoding the leucine-specificbinding and the leucine-isoleucine-valine-binding proteins map close to each other on the E. coli chromosome (19) . Comparison of the complete amino acid sequence of the leucine-isoleucinevaline-binding protein (20) with partial nucleotide and amino acid sequences of the leucine-specific-binding protein indicates that they share extensive homology (19) . Some minor homology (23%) has also been observed between theE. coli ribose-binding and galactose-binding proteins (21); these two proteins have been postulated to interact with a common membrane component in chemotaxis (22) , and the 23% homology, though minor, may reflect this interaction (23) .
Analysis ofthe distribution ofamino acid differences between the J and LAO proteins might be expected to indicate which portions of the molecules are important for specific functions. The J protein is known to possess two distinct functional sites, a histidine-binding site and a site that interacts with the membrane-bound P protein; LAO is also presumed to have two analogous sites. In view of the similarities in structure between the J and LAO proteins and their presumed common origin, these two binding proteins are likely to interact with the same site on P as illustrated in Fig. 3 . If the two binding proteins do indeed interact with the same site on the P protein, the regions of the two binding proteins involved in this interaction would be expected to have retained a good deal of homology. Comparison of the amino acid sequences of J and LAO shows two obvious regions of extensive homology (92%): between residues 75 and 116 and between residues 168 and 198. It therefore seems likely that one or both of these regions are involved in interactions with the P protein. This hypothesis is supported by the finding that mutation hisJ5625, which is known to affect specifically the interaction ofJ with the P protein but not to affect the histidinebinding site ofJ (24) , is located within the second of these homologous regions (at arginine-176).
It is possible that the regions ofhigh homology between J and LAO are maintained by "concerted evolution" [a mechanism for the retention ofhomology by recombination between closely related genes (25) ]. This possibility was ruled out by calculating the corrected percentage sequence divergence for the conserved and nonconserved regions ofthe two proteins (15 (28) . This may reflect a common mechanism for all binding-protein-dependent processes. The work described here, together with the many mutations already characterized in the structural genes for the J and LAO proteins and with NMR (29) and x-ray crystallographic (F. A. Quiocho, personal communication) studies make this a good model system for structural and functional analysis of binding proteins.
